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INTRODUCTION 

Several promising new processes are being developed a t  t he  P i t t sbu rgh  Energy 
Technology Center (PETC) t o  remove the  s u l f u r  and n i t rogen  oxides from the f l u e  gas 
o f  c o a l - f i r e d  u t i l i t y  bo i l e rs .  The Fluidized-Bed Copper Oxide Process developed a t  
PETC i s  one such new technology f o r  t he  simultaneous removal o f  90% o f  both SO, and 
NO, from the  f l u e  gas'. This process invo lves the absorption o f  SO, by copper oxide 
on an alumina support i n  conjunct ion w i t h  sorbent cata lyzed reduc t i on  o f  NO, by 
ammonia addi t ion.  A l te rna te  sorbents t o  CuO/A1,03 are a lso being considered a t  PETC 
f o r  poss ib le  improvements i n  r e a c t i v i t y  toward SO,, r egenerab i l i t y ,  a t t r i t i o n  
resistance, and sorbent costs. A s i m i l a r  process concept based on a Ce0,/A1,03 
sorbent' has been stud ied recen t l y  a t  PETC and i s  the subject  o f  t h i s  r e p o r t .  

Cerium oxide i s  a p a r t i c u l a r l y  promising new sorbent because c e r i a  imparts res is tance 
t o  thermal l oss  o f  surface area t o  alumina3; CeO, has p o t e n t i a l  f o r  t he  uptake o f  two 
moles o f  s u l f u r  per  mole o f  metal t o  form Ce(SO,),; CeO, sorbent reac ts  w i t h  SO, over 
a f a i r l y  wide range o f  temperature; and when regenerated under the  appropr ia te 
condi t ions,  Ce0,/A1,03 sorbent produces an off-gas stream t h a t  can be used 
conveniently i n  a Claus p l a n t  f o r  conversion i n t o  elemental su l fur ' .  The na tu ra l  
abundance o f  cerium i s  s l i g h t l y  higher than copper, and extensive deposi ts  are located 
i n  the  western United States, as well  as i n  Aus t ra l i a ,  B r a z i l ,  Ind ia ,  and China. Rare 
ear th  minerals are mined both as a primary product and as a by-product o f  t he  mining 
o f  such metals as i r o n  ( i n  China), t in ,  t i tan ium, and zirconium. Cerium i s  produced 
as a by-product o f  the i s o l a t i o n  o f  o ther  r a r e  earths. The cu r ren t  p r i c e  o f  cerium 
oxide i s  approximately $1.50-$2.00 per  pound a t  90-95% p ~ r i t y . ~  

The effects o f  sorbent preparat ion on the r e a c t i v i t y  o f  CeO,/Al,O, sorbents toward SO, 
and on the regenerab i l i t y  o f  t he  sorbents have been examined us ing a thermogravirnetr ic 
(TG) technique w i t h  simulated f l u e  gas and hydrogen, respect ive ly .  Potassium-modified 
CeO,/Al,O, and composite oxides o f  Co/Ce and Mn/Ce on alumina have a l so  been 
invest igated.  Incorporat ion o f  potassium i n t o  CeO,/Al,O, has been repor ted t o  
decrease t h e  CeO, c rys ta l1  i t e  s i ze  and improve sorbent performance'. Several recent  
ca ta l ys i s  s tud ies on Co/Ce and Mn/Ce composite oxide systems have described h igh  redox 

and c a t a l y t i c  a c t i v i t y  f o r  t he  CO + SO, reaction' and the CO + NO 
reactiong. Both coba l t  and manganese oxides have been p rev ious l y  i d e n t i f i e d  as 

. 

'Reference i n  t h i s  paper t o  any s p e c i f i c  commercial product, process, o r  se rv i ce  
i s  t o  f a c i l i t a t e  understanding and does n o t  imply endorsement o r  f avo r ing  by the  
United States Department o f  Energy. 
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promising supported sorbents (on alumina) f o r  SO, absorption". Manganese oxides have 
been inves t i ga ted  by several researchers f o r  s u l f u r  removal a t  a number o f  d i f f e r e n t  
condit ions. I nves t i ga t i ons  o f  MnO,/Al,O, f o r  f l u e  gas d e s u l f u r i z a t i o n  have been 
promising but  problems have been i d e n t i f i e d  w i t h  low manganese loading and some l o s s  
o f  capacity has been observed on repeated cycles o f  

EXPERIMENTAL 

Sorbent samples were prepared by aqueous impregnation o f  1/16 inch alumina spheres. 
Reagent-grade, water-soluble cerium s a l t s  t h a t  can be decomposed thermal ly  a t  moderate 
temperatures were se lected f o r  t es t i ng .  The s a l t s  se lected were c e r i c  ammonium 
n i t r a t e ,  cerous ammonium n i t r a t e ,  cerous n i t r a t e  hexahydrate, and cerous acetate. 
The alumina spheres were obtained from th ree  commercial c a t a l y s t  manufacturers. A f t e r  
soaking i n  excess so lu t i on ,  the sorbent p e l l e t s  were drained, d r i e d  i n  a i r  overn ight  
a t  12O"C, and ca l c ined  i n  N, a t  650°C f o r  6 hours. Metal loadings on the sorbents 
were va r ied  by changing the  concentrat ion o f  the impregnation s o l u t i o n  and were 
determined by elemental analys is  a t  Huffman Laboratories, Inc. ,  us ing atomic 
absorption techniques. Surface areas were determined by the m u l t i p o i n t  BET method 
using an automated Micromer i t ics  D ig i so rb  2500 instrument w i t h  N, as adsorbate. 
Potassium n i t r a t e  was added t o  the K-modified CeO,/Al,O, sorbents by an i n c i p i e n t  
wetness technique p r i o r  t o  ca l c ina t i on  o f  the sorbent. Composite oxide sorbents were 
prepared i n  the same manner as the Ce-only sorbents by simply combining coba l t  o r  
manganese n i t r a t e  w i t h  the cerium n i t r a t e  t o  form a mixed metal impregnation s o l u t i o n  
(eg. Co(NO,), t Ce(NH,),(NO,), and Mn(NO,), t Ce(NO,),). 

Reac t i v i t y  o f  t h e  varous sorbent preparations toward SO, was measured i n  a modi f ied 
Perkin-Elmer TGS-2 Therqogravimetric Analyzer t h a t  has been prev ious ly  d e ~ c r i b e d ' ~ .  
For these tes ts ,  t he  sample-shielding tube was re fab r i ca ted  us ing quar tz  and a l a r g e  
external furnace was used f o r  temperature con t ro l .  Simulated f l u e  gas was blended 
from c e r t i f i e d  gas mixtures and humid i f ied using a sparger. The ca l cu la ted  t y p i c a l  
gas composition was 2800-3000 ppm SO,; 480-500 ppm NO; 2.8-3.0 % 0,; 13.7-14.7 % CO,; 
4.0, 7.0, o r  18 %(vel.) H,O; and N, as the balance. A sample s i z e  o f  50 mg o f  sorbent 
was selected t o  j u s t  f i l l  the quartz sample pan; t h i s  corresponds t o  about 18-20 
p e l l e t s .  A t y p i c a l  TG t e s t  sequence was composed o f  f ou r  steps: 1) the  sample was 
heated t o  the  des i red reac t i on  temperature a t  lO"C/minute i n  d r y  N,; 2) a f t e r  a l l ow ing  
the sample t o  come t o  e q u i l i b r i u m  a t  t he  t e s t  r e l a t i v e  humid i ty  a "dry"  sample weight 
was obtained and the sample was exposed t o  humid i f i ed  simulated f l u e  gas f o r  one 
hour; 3) the sample was regenerated by reduct ion i n  H, f o r  30 minutes fol lowed by 
reox idat ion i n  a i r  f o r  10 minutes; and 4) the sample was re-exposed t o  f l u e  gas f o r  
60 minutes. 

From the  TG thermal curves, t he  sorbent capaci ty  was ca l cu la ted  from the weight ga in  
a f t e r  60 minutes o f  exposure t o  simulated f l u e  gas which was s u f f i c i e n t  t o  completely 
saturate most of the sorbents. For samples w i t h  h igh metal loadings, although t h e  
reac t i on  had no t  completely stopped a f t e r  60 minutes, the r a t e  o f  reac t i on  had dropped 
t o  one percent o r  l ess  o f  i t s  i n i t i a l  value. The r a t e  o f  SO, uptake was ca l cu la ted  
from the weight g a i n  averaged f o r  the f i r s t  10 minutes o f  absorption. This somewhat 
long t ime i n t e r v a l  was selected f o r  comparison purposes t o  minimize the r e l a t i v e  
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uncertainty in measuring small weight gains. [Note: this estimated rate 
underestimates the true rate since the TG thermal curves show some deviation from 
linearity after about 5 to 8 minutes. The conversion of the solid is typically 30t 
% after 10 minutes.] 

RESULTS AND DISCUSSION 

The sorbent capacity for SO, uptake as a function of temperature is shown in Figure 
1 for several different metal loadings. Since cerium nitrates are thermally unstable 
above 25OoC and hydrated ceric sulfate is completely dehydrated at approximately 
35OoCl4, all of the weight gain observed during the TG test has been attributed to 
sulfate formation. X-ray diffraction results for several of the spent CeO,/Al,O, 
sorbent samples showed weak lines not present in the fresh sorbent. However, these 
lines could not be assigned to known cerium sulfate compounds and suggested that the 
CeO, is converted to an amorphous or highly dispersed sulfate on exposure to flue gas. 
Examination of fresh and spent sorbent by FTIR (Fourier transform infrared 
spectroscopy) clearly showed the presence of sulfate on the spent sorbents, but 
specific product compounds could not be identified. 

As can be seen in Figure 1, at low metal loadings, the sorbent is essentially 
saturated at 55OoC before 60 minutes of exposure to synthetic flue gas. For sorbents 

However, the TG curves are essentially flat for these sorbents after 60 minutes o f  
exposure even though the sorbent has not reached the calculated, theoretical capacity 
(complete conversion of CeO, to Ce(SO,),). The rate of SO, uptake also decreases 
steadily below about 600°C as shown in Figure 2. Complete regeneration of these 
CeO,/Al,O, sorbents occurred in 30 minutes or less in hydrogen at temperatures above 
55OoC. Figure 3 shows the weight loss after 30 minutes of exposure to H, expressed 
as a percentage of the gain during absorption. Some of the sorbents show weight loss 
on reduction in excess of 100 %, which i s  probably due to the partial conversion o f  
CeO, to Ce,O, or CeA10,15*16. Based on these observations of the temperature dependence 
of absorption and regeneration, a temperature of 6OO0C was selected to compare the 
various methods of sorbent preparation. 

Comparison of the various CeO,/Al.,O, sorbents prepared with differing precursor salts 
showed little or no difference in sorbent capacity between samples with comparable 
cerium loadings. A slightly higher rate of SO, uptake was observed for sorbents 
prepared using Ce(NH,),(NO,), as the precursor salt. Although Ce(NH,),(N0,)6 has been 
shown to produce a highly porous CeO, when decomposed at low temperat~re'~, 
Ce(N0,),'6H,O has been reported to produce CeO, of smaller crystallite size when 
calcined at higher temperat~re'~. The somewhat higher rate of SO, uptake observed for 
sorbents prepared using Ce(NH,),(NO,), as the precursor salt suggests that the 
crystallite size of the CeO, supported on alumina may not follow the same trends 
observed for pure, unsupported  compound^'^. X-ray diffraction results for several o f  
the CeO,/Al,O, sorbent samples were consistent with highly dispersed CeO,, but no 
estimation of crystallite size was made. It should be pointed out that these 
differences in rate are small and, when experimental uncertainties are taken into 
consideration, the differences may not be statistically significant. All of the 

I at moderate and high metal loading the capacity continues to increase up to 60OoC. 

1 

1375 



precursor salts resulted in sorbents with high BET surface areas, 150 to 200 m2/g. 
However, no correlation was found between total surface area and sorbent capacity or 
rate of SO, uptake. The sorbent capacity and rate of SO, uptake were also found to 
be unaffected by increasing the water content of the simulated flue gas from 4 % to 
18 % or by removing nitric oxide from the gas mixture. 

Figure 4 shows the SO, to CeO, mole ratio (stoichiometry) after 60 minutes of exposure 
to simulated flue gas for sorbents prepared using various precursor salts on three 
different aluminas. For metal loading below about 5 %, the observed uptake is greater 
than the amount required to completely convert all the CeO, to Ce(SO,),, indicating 
some uptake by the alumina support. For sorbents with loadings above about 15 %, the 
utilization drops to below one mole of SO, per mole CeO,. No difference was observed 
in the utilization of the CeO, on alumina from different suppliers. One of the 
aluminas did have a lower affinity for cerium uptake, that is, the metal retained 
on this support was significantly lower at a given impregnation solution concentration 
than for the other two aluminas. Figure 5 shows that the rate of SO, uptake was also 
lower on sorbents prepared using the third support. Simple grinding in a ball mill 
showed sorbent prepared on this support to be much less rugged than sorbents prepared 
on the other two supports and no further testing was done with this alumina. The 
small differences in the measured rate of SO, uptake for sorbents prepared on the same 
support material have been attributed to differences in sample preparation, ie., the 
specific precursor cerium salt used. 

As noted above, the CeO,/Al,O, sorbents undergo weight loss during hydrogen reduction 
at 600°C of 1OOt % of the amount of SO, uptake. Since some reduction of Ce(1V) to 
Ce(II1) also occurs, the sorbent samples were reoxidized in air prior to subsequent 
SO, absorption measurements. Following this regeneration procedure, the weight 
percent o f  any residual material remaining on the sorbent was recorded. The results 
of these measurements are summarized in Figure 6. For the CeO,/A1,0, sorbents, the 
residual was less than one percent of the total sorbent weight. The sorbent was pale 
yellow in color after regeneration. Ce,S, is reddish-purple or brown. However, there 
was not sufficient sample produced in these TG tests for a detailed characterization 
of the residual material. For the CuO/A1,0, sorbent with a 6-7 % Cu loading, a 
residual of 3-3.5 percent of the total sorbent weight was measured in the TGA test 
after a similar regeneration, however, both absorption and regeneration of the 
CuO/Al,O, sorbent were at 40OoC. Following regeneration, the CeO, sorbent samples were 
exposed a second time to simulated flue gas. A small decrease in sorbent capacity 
was observed, but the rate of SO, uptake was the same as that measured for the freshly 
prepared sorbents as can be seen by comparing Figures 5 and 7. For laboratory 
prepared samples of the CuO/A1,0, sorbent with a 7 % Cu loading, the rate of SO, 
uptake measured in the TGA using the same gas compositions and reaction times but at 
4OO0C, is 1.7 mg SO, per g sorbent per minute. 

A series of K-modified CeO,/Al,O, sorbents was prepared with metal loadings of 4 to 
12 X Ce and 0.8 % K to investigate reported* improvements in sorbent performance. 
The rate o f  SO, absorption measured for each of these sorbents at 6OO0C was the same 
as for the Ce-only sorbents. The K-modified sorbents have approximately 10-20 % 
higher mole ratio of SO, absorbed to CeO, present at comparable metal loadings than 
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the  Ce-only sorbents. No increase i n  the res idual  mater ia l  remaining on the  sorbent 
a f t e r  regeneration, as compared t o  the Ce-only sorbents, was observed f o r  the K- 
modified CeO,/Al,O, sorbents. Figure, 8 compares the capaci ty  o f  a K-modif ied 
CeO,/Al,O, sorbent w i t h  a Ce-only sorbent, both w i t h  4 % Ce loading. As po in ted  ou t  
above, a t  t h i s  low metal loading the  observed sorbent capaci ty  o f  CeO,/Al,O, a t  
temperatures above 550 O C  corresponds t o  a s u l f u r  t o  cerium sto ich iometry  o f  greater  
than 2 t o  1. A t  
6OO0C, the excess corresponds t o  a 115 % u t i l i z a t i o n  o f  t he  CeO, on the  Ce-only 
sorbent and a 123 % u t i l i z a t i o n  o f  t h e  sum o f  CeO, and K,O on the K-CeO,/Al,O, sorbent. 
Both types o f  sorbent show the same temperature dependence o f  SO, capaci ty  and show 
evidence o f  a mechanism change below about 300°C. 

Composite oxides o f  Co/Ce and Mn/Ce were prepared on the  same alumina support t o  
i nves t i ga te  whether the redox p roper t i es  o f  these materials6-' would improve the SO, 
r e a c t i v i t y  o r  r e g e n e r a b i l i t y  o f  the Ce-containing f l u e  gas sorbent. CeO,/MnOx/A1,O, 
sorbents were prepared conta in ing 8 and 13 percent cerium w i t h  manganese loadings 
ranging from 0.3 t o  3.7  weight percent (mole f r a c t i o n  o f  manganese i n  the composite 
oxides ranged from 0.07  t o  0.43).  These sorbents had SO, r e a c t i v i t i e s  comparable t o  
the Ce-only sorbents o f  s i m i l a r  Ce loading and maintained t h e i r  r e a c t i v i t y  a f t e r  
regeneration. (The t e s t  was ca r r i ed  out f o r  on ly  one regeneration cyc le . )  However, 
a subs tan t i a l  amount o f  res idual  mater ia l  (1 t o  4 % o f  t he  t o t a l  sorbent weight) was 
observed t o  be l e f t  on these sorbents a f t e r  regeneration. No advantage was found i n  
the CeO,/MnOx/A1,O, sorbents as compared t o  the Ce-only sorbent. CeO,/CoOx/A1 ,03 
sorbents were prepared conta in ing 5, 10, and 14 percent cerium w i t h  coba l t  loadings 
ranging from 0.2 t o  2.0  percent (mole f r a c t i o n  o f  coba l t  i n  the  composite oxides 
ranged from 0.06 t o  0.39). Reac t i v i t y  measurements on these sorbents showed them t o  
be e s s e n t i a l l y  the same as the Ce-only sorbents. I n  t h i s  case no d i f f e r e n c e  i n  
res idual  mater i  a1 a f t e r  regeneration i n  H, was observed. The temperature dependence 
o f  the SO, absorption by the CeO,/CoO,/Al,O, sorbent was a lso examined and found t o  be 
e s s e n t i a l l y  the same as f o r  the Ce-only sorbents. 

A compar'ison o f  t he  SO, r e a c t i v i t y  measurements f o r  a l l  f ou r  types o f  sorbents i s  
shown i n  Figures 9 and 10. The K-modified CeO,/Al,O, and CeO,/Al,O, prepared from 
Ce(NH,),(NO,), have s l i g h t l y  h igher  ra tes  o f  absorption (Figure 9) but  the d i f f e rences  
are small .  The K-modified CeO,/Al,O, sorbents have somewhat h igher  capac i t i es  (Figure 
lo ) ,  but  once again the improvement i s  modest. For laboratory  prepared samples o f  
the CuO/A1,0, sorbent w i t h  a 7 % Cu loading, the r a t e  o f  SO, uptake measured i n  t h e  
TGA us ing t h e  same gas compositions and reac t i on  t imes bu t  a t  400% i s  1.7 mg SO, p e r  
g sorbent per  minute and the  sorbent capaci ty  i s  59 mg SO, per  g sorbent. 

CONCLUSIONS 

This e f f e c t  i s  even more pronounced f o r  t he  K-CeO,/Al,O, sorbent. 

CeO,/A1,0, sorbents have been prepared t h a t  have SO, r e a c t i v i t y  .comparable t o  o r  
s l i g h t l y  h igher  than the CuO/A1,0, sorbent, and can be regenerated i n  hydrogen w i t h  
e s s e n t i a l l y  complete removal o f  su l fu r .  Residual ma te r ia l  remaining on the  CeO,/Al?O, 
sorbents was about one f i f t h  the amount t yp i ca l l y . seen  f o r  the CuO/Al,O, sorbent w i t h  
s i m i l a r  metal loading under s i m i l a r  experimental condi t ions (TG t e s t i n g  was performed 
using the  same gas compositions and reac t i on  t imes f o r  both types o f  sorbents) .  

1377 



However, t h e  temperature o f  operat ion i s  h igher  f o r  the CeO,, 6OO0C compared t o  400'C 
f o r  CuO. CeO,/MnO,/Al,O, and CeO,/CoO,/Al,O, sorbents were a1 so prepared t h a t  gave 
qu i te  comparable SO, r e a c t i v i t y  t o  the Ce-only sorbent. However, t he re  composite 
oxide sorbents do n o t  appear t o  o f f e r  an advantage t o  the Ce-only sorbent when H, i s  
t he  reducing gas. K-modified CeO,/Al,O, sorbents exh ib i t ed  approximately 10-20 % 
higher absorpt ion capaci ty  a t  comparable metal loadings than d i d  the  Ce-only sorbents, 
bu t  the r a t e  o f  SO, uptake was e s s e n t i a l l y  the same. 
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Figure 3. Reduction o f  spent CeO,/Al,O, sorbents i n  hydrogen expressed as a 
percentage o f  t h e  weight ga in  observed dur ing SO, absorption as a funct ion o f  
temperature. 
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a s  a funct ion o f  metal loading. D i f f e r e n t  p o i n t  symbols represent  aluminas from 
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Figure 5. Rate o f  SO, uptake by CeO,/AltO, sorbents expressed i n  rng SO, per g sorbent 
per minute as a func t ion  o f  Ce loading. The standard d e v i a t i o n  o f  t h e  r a t e s  
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commercial suppl iers.  See t e x t  f o r  d iscussion. 
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Figure 6. Residual remaining on CeO,/A1,0, sorbents a f t e r  regenerat ion i n  H, i n  the 
TGA t e s t  u n i t .  The value observed f o r  CuO/A120, under s i m i l a r  cond i t ions  i s  shown f o r  
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Flgure 7. Rate o f  SO, uptake by CeO,/Al,O, sorbents dur ing a second exposure t o  
simulated f l u e  gas a f t e r  regeneration i n  H, expressed i n  mg SO, per  g sorbent per  
minute as a f unc t i on  o f  Ce loading.  The standard dev ia t i on  o f  t he  ra tes  determined 
was 0.1 o r  less. Po in t  shapes represent aluminas from d i f f e r e n t  commercial suppl iers .  
See t e x t  f o r  d iscuss ion.  

Figure 8. Comparison o f  SO, capacity as a func t i on  o f  temperature o f  a K- modi f ied 
and a Ce-only sorbent, both o f  which conta in  4 % Ce. Capacity i s  expressed i n  mg SO, 
per g sorbent. 
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Figure 9. Rate of SO, uptake by Ce-containing sorbents during a second exposure to 
simulated flue gas after regeneration in H 2  expressed in mg SO,, per g sorbent per 
minute as a function of Ce loading. The standard deviation of tne rates determined 
was 0.1 or less. 

Figure 10. Comparison of SO, capacity o f  Ce-containing sorbents during a second 
exposure to simulated flue gas after regeneration in H, expressed in mg SO, per g 
sorbent as a function of Ce loading. The standard deviation of the capacities 
determined was 2 or less. 
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